characterization and modeling of lung surfactant components. J. Appl. Physiol. 86(5): 1702-1714, 1999.-The present study characterizes the dynamic interfacial properties of calf lung surfactant (CLS) and samples reconstituted in a stepwise fashion from phospholipid (PL), hydrophobic apoprotein (HA), surfactant apoprotein A (SP-A), and neutral lipid fractions. Dipalmitoylphosphatidylcholine (DPPC), the major PL component of surfactant, was examined for comparison. Surface tension was measured over a range of oscillation frequencies (1-100 cycles/min) and bulk phase concentrations (0.01-1 mg/ml) by using a pulsating bubble surfactometer. Distinct differences in behavior were seen between samples. These differences were interpreted by using a previously validated model of surfactant adsorption kinetics that describes function in terms of 1) adsorption rate coefficient (k 1 ), 2) desorption rate coefficient (k 2 ), 3) minimum equilibrium surface tension (␥*), 4) minimum surface tension at film collapse (␥ min ), and 5) change in surface tension with interfacial area for ␥ Ͻ ␥* (m 2 ). Results show that DPPC and PL have k 1 and k 2 values several orders of magnitude lower than CLS. PL had a ␥ min of 19-20 dyn/cm, significantly greater than CLS (nearly zero). Addition of the HA to PL restored dynamic interfacial behavior to nearly that of CLS. However, m 2 remained at a reduced level. Addition of the SP-A to PL ϩ HA restored m 2 to a level similar to that of CLS. No further improvement in function occurred with the addition of the neutral lipid. These results support prior studies that show addition of HA to the PL markedly increases adsorption and film stability. However, SP-A is required to completely normalize dynamic behavior.
rated acyl groups or addition of cholesterol improves film respreading but lowers the liquid-gel transition temperature of the lipid mixture, such that the films cannot support high surface pressures at body temperature (8, 30) . As a result, such films collapse at 15-20 dyn/cm surface tension and would not be expected to confer stability to alveoli at low lung volumes (16) .
Surfactant apoproteins (SP), which comprise only ϳ6-8% of lung surfactant by weight, appear to be critical for effective physiological function within the lung. In vitro studies have demonstrated that the addition of small amounts (1-2% by weight) of the low-molecular-weight surfactant hydrophobic apoproteins (HA), surfactant protein B (SP-B, 18,000) and surfactant protein C (SP-C, 3,500) dramatically increases the adsorption rate of surface-active material to an air-liquid interface compared with PLs alone (16, 20) . Addition of HA or synthetic peptides of similar structure to PLs has also been shown to alter the surface film isotherm and to enhance respreading, such that near-zero surface tensions are achieved at body temperature during repeated cycling (3, 7) . Surfactant protein A (SP-A), the most abundant of the SPs, increases adsorption of surface-active material to a small degree in isolation (20) and appears to play less of a direct role in determining interfacial properties than does HA. In the presence of calcium and the HAs, however, it significantly augments adsorption, such that PL-apoprotein mixtures behave as does native surfactant (9) .
Wang et al. (32) systematically explored how different fractions of lung surfactant contribute to surfactant behavior by progressively reconstituting the hydrophobic fraction of lung surfactant and then comparing the transient surface-tension behavior of these samples with that exhibited by whole lung surfactant. Their findings, described in terms of minimum and maximum surface tension and a respreading parameter, included the observations that the PL fraction had an elevated minimum surface tension compared with either DPPC or calf lung surfactant (CLS) and that addition of the hydrophobic proteins was necessary for surface-tension behavior similar to that seen with native surfactant.
We look to extend these studies by completion of the reconstitution of lung surfactant, by addition back also of the hydrophilic component SP-A, by examination of the dynamic surface-tension behavior of these samples after they have reached steady state, and by interpretation of the difference in dynamic behavior between the surfactant fractions by using a model that characterizes a surfactant in terms of its biophysical properties. In the present study, we characterize the dynamic behavior of lung surfactant fractions containing PL alone, PL ϩ HA, PL ϩ HA ϩ SP-A, and PL ϩ HA ϩ SP-A ϩ NL, and we compare their behaviors to those of native surfactant and DPPC. We confirmed the findings of Wang et al. (32) but also found that 1) like the DPPC fraction, the PL fraction has a markedly decreased absorption rate compared with CLS, 2) addition of NL did not significantly affect the dynamic interfacial properties of reconstituted surfactant already containing the full complement of SPs, and 3) restoration of film compressibility (m 2 ) requires the presence of SP-A. Results suggest that both HA and SP-A are important for determining surfactant's overall function by affecting distinct biophysical properties of the lipid-protein mixture, whereas NL does not appear to play an important functional role when both HA and SP-A are present.
METHODS

Surfactant Isolation
Surfactant was isolated from fresh calf lungs within 3 h of tissue procurement. Lungs were lavaged with 4 liters of 0.15 M sodium chloride instilled under 25 cmH 2 O pressure, and the return was collected by passive drainage. Cells were removed by low-speed centrifugation (250 g for 8 min at 4°C), and the supernatant was pooled. Crude surfactant was harvested by medium-speed centrifugation (40,000 g for 45 min at 4°C). Pellets were resuspended in 1-2 ml of sterile saline and were dispersed by injection through a 25-gauge needle. The crude surfactant was layered over 0.8 M sucrose in sodium chloride and was centrifuged at 30,000 g for 45 min at 4°C. The pellicles at the interface were aspirated, pooled, resuspended in saline, and ultracentrifuged (60,000 g for 30 min at 4°C). The resulting purified surfactant pellets were resuspended in 0.15 M NaCl that contained 0.2% sodium azide, divided into 1-ml aliquots that contained 10 mg/ml of PL each, and stored under nitrogen at Ϫ20°C. Samples stored in this fashion retained normal biophysical function and biochemical composition for up to 6 mo.
Preparation of Surfactant Fractions
The methodology used is a modified version of that previously developed by Hall et al. (7) . One-milliliter aliquots of surfactant that containedg 10 mg of PL were injected through a 25-gauge needle into 45 ml of 1-butanol at room temperature. The samples were mixed slowly at room temperature for 30 min, and the aqueous soluble precipitate, containing predominantly SP-A and a small amount of serum proteins, was pelleted by centrifugation at 30,000 g for 30 min at 4°C. Pellets were dried under nitrogen at room temperature and were resuspended in 20 mM octylglucopyranoside by repeated injection through a 27-gauge needle. The solution was then ultracentrifuged for 1 h at 100,000 g, 4°C, and the pellet, which contained the purified SP-A fraction, was resuspended in 2-3 ml of 5 mM Tris buffer (pH 7.45) and dialyzed in a 2-liter Tris bath for 36 h, with three exchanges of buffer, with the use of a 12,000-molecular-weight-cutoff membrane (Spectra/Por no. 3; Spectrum). Purity was demonstrated by gel analysis. Total protein determinations were performed, and samples were aliquoted and stored at Ϫ20°C for subsequent use.
The butanol supernatant, which contained the hydrophobic fractions (including PLs, NLs, and the low-molecularweight HAs SP-B and SP-C), was dried under vacuum and resuspended in CHCl 3 · MeOH (1:1 by volume; HPL grade, Fisher Scientific, Pittsburgh, PA). The sample, 2-3 ml in total volume, was applied to a 1.5 ϫ 100-cm Sephadex LH-20 column (Pharmacia, Piscataway, NJ), and 1.5-ml fractions were eluted over 4-4.5 h at 4°C by using CHCl 3 · MeOH · 0.1 N HCl buffer (1:1:0.1 by volume). Fractions were brought to neutral pH by addition of 32 µl of 0.05 M HEPES buffer (pH 12). Protein, cholesterol, and PL assays were performed on 50-µl aliquots of each 1.5-ml fraction. Separation of protein, PL, and cholesterol-associated NL components was demonstrated, as previously reported (7), and fractions that contained each individual component were pooled and stored under nitrogen at Ϫ20°C for subsequent analysis.
Biochemical Analysis
Total protein determinations of surfactant samples that contained 150 µg of surfactant lipid were performed by amido black colorimetric assay and were compared with a bovine serum albumin standard curve prepared in 150 µg of aqueous sonicated DPPC (Sigma Chemical, St. Louis, MO) (12) . PL content was determined by molybdenum blue P i assay (1) . Total cholesterol content of the NL fraction was determined by ferrous sulfate reduction assay (26) .
The lipid composition of CLS and the fractions isolated by Sephadex chromatography were compared to verify that separation did not result in loss of any critical components. NL extraction of an aliquot of CLS was performed by cold acetone extraction (13) . NL composition of CLS and pooled NL fractions from Sephadex chromatography were compared qualitatively by TLC. NL and CLS samples, each of which contained 250 µg of total cholesterol, were separated on silica G/H thin-layer plates (Fisher Scientific) by using a hexanediethyl ether-formic acid (80:20:2) mobile phase (HPLC grade, Fisher Scientific) (14) . Bands were detected by charring after sulfuric acid-potassium dichromate denaturation.
PL extraction of native surfactant was performed by using the method of Folch et al. (5) . PL subtype composition of CLS and of pooled PL fractions obtained from Sephadex chromatography were compared after separation by TLC. From each sample, 400 µg of each sample, along with authentic PL standards, were spotted onto a Silica G/H TLC plate and were developed by using CHCl 3 · MeOH · 2-propanol · H 2 O · triethylamine (42:12.6:9.8:35:35) mobile phase (HPLC-grade solvents; Fisher Scientific) (31) . After separation, PL components were detected under low ultraviolet light after staining with atomized 1,3,5-diphenylhexatriene solution. Spots were scraped, and lipids were extracted into CHCl 3 · MeOH (50:50) by vigorous vortexing for 1 h at room temperature. Silica powder was removed by low-speed centrifugation, and the PL content of each component was determined by P i assay.
SDS-PAGE was performed on pooled Sephadex fractions to verify the purity of SP-A and HA as well as the lack of protein cross contamination in the PL and NL fractions. All samples were run in duplicate, under reducing and nonreducing conditions, on 15% SDS polyacrylamide gels. Gels were stained with both Coomassie brilliant blue [0.1% in MeOH·AcOH·H 2 O (40:10:50), Sigma Chemical] and silverstain reagent (Bio-Rad, Hercules, CA) to optimize detection of both SP-A and HA. in 0.15 M NaCl, 5 mM CaCl 2 . A homogeneous mixture was obtained by repeated injections and scraping by using a 1-ml syringe and a 25-gauge needle, respectively. Resuspended samples were vortexed for 15 min at room temperature under nitrogen. Each sample was transferred to a polypropylene microfuge tube and was sonicated twice for 30 s on ice. Aqueous SP-A was then added to appropriate samples, and additional vortexing was performed for 5 min at room temperature. Sample function was measured within 1 h of preparation.
Surfactometry Measurements
Equilibrium and dynamic surface-tension measurements were made by using a pulsating-bubble surfactometer (Electronetics, Amherst, NY) that was modified to use an external circulating-water-bath unit for temperature control and by installation of a stiffer spring into the sample clamp. These modifications minimized problems associated with drift of bubble size. To make measurements, we used a modification of the leak-free methodology previously described by Putz et al. (22) . The technique employed in the present study utilized a plug that was fashioned from caulking putty to prevent leakage of surface-active material into the sample-chamber capillary tube during loading. We have found this approach to be much more reliable in prevention of tube wetting than was attempted occlusion of the capillary opening with a pin, as originally described.
Equilibrium surface-tension measurements were performed before any dynamic measurements were made under static conditions. Samples were loaded, as described above, and a bubble of 0.32-mm radius was formed by using the needle valve. Transfilm bubble pressure was then recorded as a function of time for a minimum of 15 min under nonoscillatory conditions at 1-to 2-min intervals until surface-tension changes were no longer observed to change as a function of time.
Dynamic measurements of surface tension as a function of surface area (assuming a spherical bubble shape) were made at bulk concentrations of 0.01, 0.1, and 1 mg/ml between 0.32-and 0.50-mm minimum-to-maximum bubble radius at oscillation frequencies of 1, 20, and 100 cycles/min. These modified dimensions were selected to better center the bubble on the sample chamber capillary tube during oscillations, which in turn reduces the occurrence of having bubbles break off during the compression phase of cycling. All recordings were made at 37°C until the system reached steady state (between 10 and 60 min, depending on the sample). Leakage of surface-active material up the capillary tube in the sample chamber was readily detected by an alteration in dynamic surface tension-surface area profiles and was confirmed by visual inspection of the sample-chamber capillary tube through the microscope objective (22) . When leakage was detected, recordings were terminated, and samples were reanalyzed.
Data were obtained by using an area excursion of ⌬A/A mean Ϸ 85% for all samples and for a few selected samples of ⌬A/A mean Ϸ 20%, where ⌬A is surface-area excursion for one-half cycle and A mean is mean surface area. For ⌬A/A mean Ϸ 85%, data presented are typical data drawn from four replicated experiments for CLS and from three experiments for the reconstituted fractions; for ⌬A/A mean Ϸ 20%, three experiments were conducted.
Computer Modeling
To understand which properties of the surfactant components were responsible for the difference in biophysical behavior seen between the surfactant fractions, we employed a previously developed model (19) that characterizes dynamic surfactant function in terms of five biophysical characteristics. This model differs from other models (e.g., Refs. 2 and 11) of surfactant transport in bubble surfactometers by allowing the interfacial surfactant concentration to dynamically rise higher than its maximum equilibrium value and by consideration of the phase changes in surfactant that occur at these high interfacial concentrations. We first briefly describe the model and then discuss the use of this model to interpret our results from the different surfactant fractions.
Explanation of the model. This model characterizes surfactant transport to and from the interface in terms of three distinct surface concentration regimes (see Fig. 1 ). REGIME 1. Surface concentration (⌫, measured in moles of surfactant per cm 2 surface area) is less than the maximum equilibrium surface concentration (⌫*) that can be achieved as bulk-phase concentration (C) is increased ( Fig. 1 , segment F-C). In this regime, adsorption and desorption to and from the interface are assumed to occur according to the Langmuir relationship
where t is time, k 1 is the adsorption coefficient, k 2 is the desorption coefficient, A is the interfacial area, and M is ⌫A (the amount of surfactant in the interface). Surface tension (␥) is related to surface concentration through the static isotherm relationship which is assumed to decrease linearly with increasing surface concentration ⌫, such that ␥ ϭ 70 dyn/cm when ⌫/⌫* ϭ 0, and ␥ ϭ ␥* when ⌫/⌫* ϭ 1. This relationship defines the isotherm slope m 1 ϭ Ϫd␥/d(⌫/⌫*). REGIME 2. Surface concentration ⌫ is greater than ⌫* but less than the maximum concentration (⌫ max ) that can be achieved during lateral compression of surface-active material at the interface (Fig. 1 , segments C-D and E-F ). In this regime, the surfactant is modeled as insoluble, i.e., it does not exchange surface-active material with the bulk phase. The relationship between ␥ and ⌫/⌫* in this regime decreases linearly with a slope (Ϫm 2 ) which is distinct from m 1 . It is important to note that this region cannot be characterized from static measurements of surfactant. The film must undergo external dynamic compression to reach these low surface tensions. This critical regime of surfactant function has not been included in previous models of dynamic surfactant function. REGIME 3. ⌫ is equal to ⌫ max (Fig. 1, segment D-E) . Surfactant molecules are packed as tightly as possible in the interface, and surface concentration cannot increase further. Surface tension reaches its minimum value (␥ min ) at this point and remains constant as surface area is further decreased by film compression. Any further compression leads to material being lost from the surface to the bulk by squeeze out or film collapse.
Estimation of model parameters. The model is characterized by five parameters: the surfactant adsorption (k 1 ) and desorption (k 2 ) rate constants in regime 1, the minimum equilibrium surface tension (␥*), the slope m 2 , and the minimum achievable surface tension during film compression (␥ min ). Note that m 1 is entirely determined by ␥*. These parameters can be estimated from equilibrium and dynamic surface tension measurements made by using the pulsatingbubble surfactometer. Our goal in the present study was to determine which of these biophysical parameters are responsible for the differences seen between samples reconstituted from purified surfactant fractions and CLS native surfactant. To do this, we first estimated the values of these parameters for native surfactant and then systematically varied these parameters to determine what changes were necessary to qualitatively produce dynamic profiles similar to those seen in the reconstituted samples.
For native surfactant, we determined ␥* as the lowest equilibrium surface tension measured as bulk concentration was increased up to 5 mg/ml. The ␥ min was determined as the lowest surface tension achieved during dynamic film compression at the highest bulk concentration (1 mg/ml) studied. The isotherm slope m 2 was determined by using the surface tension vs. surface area slope (d␥/dA) in the insoluble regime during dynamic oscillations (Fig. 1, segment C-D) as surface tension was decreased from ␥* to ␥ min during film compression for samples at high bulk concentration (1 mg/ml). To find m 2 , we divided this slope by d(⌫/⌫*)/dA ϭ (Ϫ⌫/⌫*)/A (the insoluble regime).
Both k 1 and m 2 dictate the behavior of the model at a high concentration. Once m 2 has been characterized, values for k 1 can be determined independently by matching model curves to the dynamic data. As a criterion for determining m 2 , we matched the surface area at which the surface tension reaches its minimum value during dynamic compression (point D in Fig. 1) . At low concentrations, the sole determinant of model function is k 1 /k 2 because, at these concentrations, the insoluble region is never reached and, therefore, m 2 plays no role. We selected the minimum surface tension achieved during dynamic cycling as the characteristic parameter for matching each low-concentration profile.
RESULTS
Biochemical Composition of CLS
CLS used in the present study was found to be 92.5 Ϯ 0.1 (SD) % lipid and 7.5 Ϯ 0.1% protein by weight (n ϭ 3 samples). The lipid fraction was composed of 91 Ϯ 2% PL and 9 Ϯ 1% cholesterol (n ϭ 3 samples). Smaller amounts of noncholesterol NLs were present as identified by TLC, but they were not quantified in our analysis. These results are consistent with previously published data (32) . PL subtype analysis performed on organic extracts of CLS and followed by TLC separation was similar to that previously reported (32) 
Composition of Surfactant Fractions
Of total PL, 55% was recovered after separation (mean recovery from 2 separate purifications of 61 and 49%). The purity of each pooled fraction obtained from column chromatography (LH-20) was assessed by protein, cholesterol, and PL assay. The hydrophobic fraction contained 89% HAs, 5.5% PLs, and 5.5% cholesterol. The PL fraction contained 99.7% PLs and 0.3% cholesterol. The cholesterol fraction contained 91% cholesterol and 9% PLs.
SDS-PAGE was performed to further assess the composition of each fraction. Results are shown in Fig.  2 . No detectable SP-A or serum proteins were observed in HA fractions by silver-Coomassie brilliant blue staining. The SP-A fraction contained no detectable HA or serum. PL and cholesterol fractions contained no significant amounts of either major SP components.
Pooled NL components, separated by TLC by using hexane-diethyl ether-formic acid mobile phase, were detected by acid denaturation and charring as previously described. Qualitative analysis demonstrated that cholesterol was the major component present in this fraction, but cholesterol ester, dipalmitin, tripalmitin, a very small amount of free fatty acid, and a minor PL component were also present. NL composition after LH-20 separation was similar to that determined for NL-acetone extracts isolated from native surfactant.
PL composition after LH-20 separation, as determined by TLC, was nearly identical to that observed in CLS after Folch extraction. PL composition of CLS was as follows (n ϭ 3; in %): 80.8 Ϯ 1.9 PC, 7.7 Ϯ 0. 
Characterization of Biophysical Properties by Surfactometry
Significant differences were seen between the dynamic behavior of CLS and that of the surfactant fractions. We begin with a detailed description of CLS, as this is the baseline to which the other samples are compared. Figure 3 , A-C, shows typical experimental results for CLS measured at 20 cycles/min [a complete data set for CLS and the other surfactant fractions can be found in Morris (15) ]. At 1 mg/ml, CLS reached a minimum surface tension of Ͻ1 dyn/cm after a relatively small degree of compression for all three oscillation frequencies examined. The maximum surface ten- sion varied with frequency from ϳ30 dyn/cm at 1 cycle/min and increased to ϳ40 dyn/cm at 100 cycles/ min. Very significant hysteresis was seen at all frequencies.
At 0.1 mg/ml, the minimum surface tension typically reached values Ͻ5 dyn/cm, but it did not always reach the very-low-surface-tension values seen with 1 mg/ml. Furthermore, greater compression was necessary to reach minimum surface tension (typically 50%). Maximum surface tension was similar to that of 1 mg/ml at 1 cycle/min, but it increased to Ͼ60 dyn/cm at the higher frequencies. With a further reduction in bulk concentration to 0.01 mg/ml, minimum surface tension rose to 20 dyn/cm, and maximum surface tension during film expansion was always Ͼ60 dyn/cm. Hysteresis was reduced at 0.1 and 0.01 mg/ml compared with 1 mg/ml. DPPC, the major PL component of lung surfactant, demonstrated markedly different interfacial properties (Fig. 4, A-C) . Whereas DPPC achieved minimum surface tension near 0 dyn/cm (similar to CLS), Ͼ50% film compression was required to reach this minimum. Furthermore, hysteresis in DPPC samples is markedly reduced at 1 and 0.1 mg/ml from that seen in CLS. Another notable difference was that the maximum surface tension was Ͼ50 dyn/cm (usually Ͼ60 dyn/cm) for all bulk concentrations and frequencies examined. Figure 4 , D-F, summarizes the dynamic interfacial properties of the purified PL fraction, which constituted 84% of surfactant by weight. In contrast to CLS and DPPC, PL reached a minimum surface tension during film compression of only 20 dyn/cm at 1 mg/ml bulk concentration. Roughly 50% film compression was required to achieve this minimum surface tension. Maximum surface tension was similar to that of DPPC, but the hysteresis was significantly greater for all conditions examined.
The addition of HAs (3% by weight) to PL had a dramatic effect on interfacial properties and restored much of the dynamic behavior of native surfactant (Fig. 5, B and C) . Film stability during compression was markedly increased, such that minimum surface tensions close to 0 dyn/cm were achieved at a concentration of 1 mg/ml, although greater film compression than in CLS samples was required to achieve these minimums at all frequencies examined (e.g., Fig. 5A ). PL ϩ HA behaved similarly to CLS at 0.1 and 0.01 mg/ml for all three frequencies.
Addition of SP-A to PL ϩ HA at physiological concentrations restored the dynamic performance to nearly that of CLS (Fig. 5, D-F) . SP-A decreased the film compression required to achieve surface tensions Ͻ1 dyn/cm to values similar to, but slightly higher than, that of CLS. The dynamic behavior of the samples was similar to CLS with respect to minimum and maximum surface tensions and hysteresis at all concentrations and frequencies considered.
Addition of NLs to PL ϩ HA ϩ SP-A had little further effect on steady-state behavior. Figure 3 , D-F, shows that this reconstituted surfactant had biophysical properties very similar to those of native surfactant (Fig. 3, A-C) .
Estimation of Model Parameters for Native Surfactant
Our best fit to the dynamic profiles for native surfactant yielded parameters values of ␥* ϭ 22.2 dyn/cm, Fig. 2 . SDS-PAGE analysis of both hydrophobic apoprotein (HA) and surfactant apoprotein A (SP-A) fractions (A) and hydrophobic pooled fractions (B). Hydrophobic fractions were separated by 15% SDS-PAGE. HA and SP-A fractions were separated by 12% SDS-PAGE. Each gel was stained with both Coomassie blue and silver stain to maximize detection of components; 50 µg of phospholipid (PL) and cholesterol (Chol), and 2 µg of hydrophobic proteins were examined under both reducing and nonreducing conditions, and 5 µg of each protein fraction were analyzed in similar fashion. SP-B and SP-C, surfactant proteins B and C, respectively; stds, standards; MW, mol. wt. Lanes 1-6 are identified in right column.
␥ min ϭ 1 dyn/cm, m 2 ϭ 140 dyn/cm, k 1 ϭ 6 ϫ 10 5 ml · g Ϫ1 · min Ϫ1 , and k 1 /k 2 ϭ 1.2 ϫ 10 5 ml/g. Model predictions made by using these parameter values are shown in Fig. 6 , A-C. Compared with Fig. 3 , A-C (native surfactant), the agreement is seen to be very good, except for the predictions of maximum surface tensions, a weakness of the model, as previously discussed (19) .
One of the features of our data and model predictions concerning native surfactant is notable and requires further comment: the effect of bulk concentration on the results. The results shown in Fig. 3 , A-C, are for bulk concentrations of surfactant many orders of magnitude higher than the critical micellar concentration (CMC) of DPPC (3.5 ϫ 10 Ϫ7 mg/ml) (29) . Thus, at first, it may seem surprising that any difference is seen between the results for different bulk concentrations (note that this is also true for the DPPC experiments, Fig. 4, A-C) . The CMC is the concentration at which micelles are thermodynamically favored in solution over individual molecules in a solution without an air-water interface. If an interface is present, it gives the molecules a third thermodynamic option, namely, to occupy the interface. There is no reason to expect that the bulk concentration that leads to a saturation of the interface (CBC ϭ 100 · k 2 /k 1 , defined as that bulk concentration at which ⌫ ϭ 0.99 ⌫*, which for CLS is ϳ0.8 mg/ml) should be the same as the CMC, because the free energy of a surfactant molecule at an interface is not necessarily the same as the free energy of a surfactant molecule in a micelle. Apparently, DPPC molecules have such a preference for an interface that the CBC value for this surfactant is substantially greater than the CMC. 
Effect of Parameter Variation on Predicted Surfactant Dynamic Behavior
We investigated three scenarios of how these parameters might change, thus leading to altered surfactant biophysical behavior: 1) a decreased rate of surfactant adsorption to and desorption from the interface, 2) an increased surface tension at which squeeze out or collapse occurs, and 3) an increase in the level of compression required to reduce surface tension in regime 2. In the first scenario, we decreased k 1 while keeping the ratio of k 1 /k 2 constant. The results are shown in Fig. 6, D-F , for a 10-fold (dashed line) or 100-fold (solid line) reduction in transport rate. Figure 7 , A-C, shows the effect of increasing ␥ min from 0 to 22.2 dyn/cm, whereas Fig. 7 , D-F, shows the combination of a reduction in surfactant transport rate (scenario 1) with an increased ␥ min (scenario 2). Figure 8 , A-C, shows the effect of decreasing m 2 by twofold (solid line) and fourfold (dashed line).
Comparison of Fig. 6 , D-F, with Fig. 4 , A-C, allows us to conclude that DPPC adsorbs and desorbs to the interface much more slowly than does CLS, as previously reported (7, 20) . Our computer model indicates that DPPC has values of k 1 and k 2 that are roughly two orders of magnitude lower than does CLS. Note that this indicates that the increased compression required to decrease the surface tension of DPPC to Ͻ1 dyn/cm, compared with CLS (Fig. 4A vs. Fig. 3A) , can be entirely explained as a change in k 1 rather than involving other parameters (in particular m 2 ).
In contrast, the PL fraction of native surfactant shows a much different behavior (Fig. 4, D-F) . It is apparent that the surface tension at which squeeze out or collapse occurs (Fig. 1, segment D-E) is much higher than in CLS. However, the model indicates that a simple increase in ␥ min to 20 dyn/cm (Fig. 7, A-C) does not entirely account for the altered dynamic profiles in PL samples. It is necessary to lower k 1 and k 2 (to a similar extent as that seen with DPPC) as well as to increase ␥ min to produce dynamic profiles that are similar to those seen in PL samples (Fig. 4, D-F) .
Finally, we investigated the predicted effects of decreasing m 2 . As shown in Fig. 8 , A-C, decreasing m 2 , first by twofold and then by fourfold, had two effects on dynamic behavior compared with the baseline case: 1) it caused an increase in the amount of compression necessary to reach a minimum surface tension, and 2) it caused a decrease in maximum surface tension reached. This behavior is very similar to that seen with the PL ϩ HA mixtures (Fig. 5, A-C) , the data for which are best fit by the twofold reduction in m 2 . Note that the addition of SP-A increased m 2 and restored dynamic behavior similar to that of CLS.
Comparison of computer-model predictions with experimental data indicates that both DPPC and PL fractions have a greatly increased resistance to transport to the interface, as reflected in a low k 1 relative to CLS. The PL fraction is further deficient in that it squeezes out of the interface or collapses at much lower surface pressures. Addition of the HAs restores these biophysical properties, but m 2 is reduced compared with CLS, and m 2 likely relates to the packing efficiency of the film at high surface pressures. Addition of SP-A restores this property to the reconstituted surfactant.
Behavior of the System for Physiological Values of ⌬A/A
On the basis of the findings described in the previous section, we were curious as to whether the reduction of m 2 in the PL ϩ HA fraction, which appeared to be due to lack of SP-A, might be physiologically significant. Our computer model predicted that a significant and functionally relevant difference would be seen between the CLS and PL ϩ HA for a ⌬A/A of 20% [in the physiological range (17)] (Fig. 9A) . To confirm this, dynamic surface-tension measurements were made at small values of ⌬A/A, and profiles for these fractions (Fig. 9B ) were found to be very similar to those predicted by the computer model.
DISCUSSION
In this study, we have examined the dynamic surface tension characteristics of CLS and its major constituents with the goal of 1) determination of the functional role of each component and 2) determination of whether surfactant reconstituted from purified, biochemically defined components exhibits interfacial properties similar to those of native surfactant. Our fractionation of CLS yielded a surfactant profile (67% PC, 16% other surfactant PL, 9% NL, 3% surfactant HAs, and 5% SP-A) similar to that reported by other investigators (16, 32) . Our measurements of surface tension of CLS and its fractions, combined with modeling studies, indicate that each of the fractions, with the exception of the NL fraction, is important in the determination of the biophysical properties of CLS, and, furthermore, that reconstituted lung surfactant behaves nearly identically to CLS.
Previous studies that have examined the interfacial properties of artificial surfactant mixtures and purified native surfactant fractions have shown that PLs alone lack the ability to function effectively as biological surfactants (8, 16, 28, 32) . We found that DPPC, the major PL constituent of surfactant, can reach surface tensions of Ͻ2 dyn/cm at steady state during oscillations at 1, 20, and 100 cycles/min (Fig. 4, A-C) . However, it had an adsorption rate k 1 several orders of (Fig. 6, D-F) , which would preclude it from being biologically effective in the lung during normal respiration (16) .
Although composed largely of DPPC, the PL fraction of native surfactant behaved quite differently from pure DPPC (Fig. 4, D-F) . The adsorption rate was similar to that of DPPC and much slower than that of biologically active native surfactant (Fig. 7, D-F) . However, PL was significantly less stable at high surface pressures than were both DPPC and CLS, as demonstrated by film collapse at 21-24 dyn/cm. This observation is similar to that previously reported by Wang et al. (32) and may relate to the heterogeneous acyl chain composition of the PL fraction. Both chain length and degree of unsaturation have been shown to influence the rate of respreading after extrusion of PL components from the air-liquid interface and the critical transition temperature at which a lipid gel melts to assume a less stable, liquid conformation (4, 6, 8, 10) .
Addition of the HAs had two important effects on surface film function. First, as reported by others (9, 24) , these components restored the adsorption rate k 1 to a value similar to that of CLS. Second, HA imparted stability to the PL fraction during film compression, such that minimum surface tensions Ͻ1 dyn/cm could be achieved at physiological temperatures (32) . PL ϩ HA mixtures reached minimum and maximum surface tensions similar to those of native surfactant at all frequencies and concentrations tested. However, m 2 was significantly less than that of CLS, such that greater film compression (40-45%) was required to achieve minimum surface tensions of Ͻ1 dyn/cm.
The addition of SP-A to PL ϩ HA increased the m 2 slope to be nearly equal to that of CLS. PL ϩ HA ϩ SP-A mixtures functioned similarly to CLS in all respects at all frequencies and bulk phase concentrations studied. The addition of NL to the PL ϩ HA ϩ SP-A mixture had little additional effect on interfacial properties under steady-state conditions.
The biophysical changes that occur in response to stepwise reconstitution of surfactant appear to relate to specific molecular changes in film organization that are caused by each of the apoprotein components. Electron microscopy studies and resonance energy transfer fluorescence studies suggest that HA promotes dissolution of large micelle structures and fusion of micellar contents and thus makes lipid mixtures behave more homogeneously in an aqueous environment (21, 23) . This may account for the marked increase in adsorption which follows addition of HA to PL. Reconstitution studies have previously demonstrated that SP-A, in combination with HA, leads to in vitro formation of tubular myelin, which is not observed in PL samples containing either HA or SP-A alone (33) . The film structure attained by PL ϩ HA ϩ SP-A may specifically be important for achieving high surface pressures during film compression at body temperature under physiological conditions. Surface-tension measurements made in vitro during large surface-area excursions (i.e., ⌬A/A mean Ͼ50% by using a Wilhelmy balance or pulsating-bubble surfactometer) allow low minimum surface tensions to be achieved even for films with adsorption kinetics and isotherm properties markedly different from those of CLS. The potential in vivo biophysical consequences of such differences may not become evident until area excursions that more closely approximate those of tidal breathing (⌬A/A mean Ϸ 20%) are considered. Figure 9 shows computer simulations for our baseline case of CLS during tidal breathing at area excursions of 20% and how the baseline would be altered by a 50% reduction of m 2 . Simulations for CLS samples reach ␥ min of 1 dyn/cm, whereas those with a lowered value of m 2 reach only 11 dyn/cm. These simulated results are very similar to data obtained for CLS at this smaller area excursion and to those observed for samples containing PL ϩ HA which do, indeed, function as if they have a lower m 2 value as a consequence of the lack of SP-A. (The model does not capture the hysteresis of the PL ϩ HA, presumably because film rupture has not been modeled, as has been previously mentioned). These results reflect the importance of m 2 , and presumably SP-A, during dynamic cycling at small area excursions and the potential importance of SP-A during normal respiration.
To stabilize alveolar structures at functional residual capacity during tidal breathing, lung surfactant must possess several critical biophysical properties (16) . 1) It must achieve low surface tensions during film compression over the frequency and amplitude range consistent with tidal breathing. 2) It must do so under steadystate conditions during repeated cycling; this implies the ability to adsorb to the air-liquid interface after extrusion into the surfactant subphase with a characteristic time similar to or less than the period over which respiration occurs. The present study demonstrates that a minimum of three surfactant constituents are required to impart this behavior: surfactant PLs, HAs, and SP-A. Each biochemical component contributes specific biophysical properties to surfactant; thus a mixture of PL ϩ 3% (by weight) HA ϩ 5% (by weight) SP-A functions nearly the same as native calf surfactant at all frequencies, amplitudes of oscillation, and bulk phase concentration that we examined. Of course, we must here acknowledge a major limitation of these results; namely, these experiments were done in vitro, and detailed confirmation of these conclusions would need to be done in whole lungs.
Although SP-A has recently been shown to play an important immunological function in the lung (20) , the results reported here, in conjunction with previous studies (9, 27) , argue that SP-A, in combination with PL and HA, is important for determining surfactant dynamic function. Whereas SP-A-deficient organic extracts have previously been shown to improve function in surfactant-deficient animal models with decreased lung compliance, many of these measurements were, in fact, made under quasi-static conditions or at large volume excursions, which would tend to mask the effects of SP-A deficiency. Furthermore, it has been shown that as little as 1% SP-A by weight can have a beneficial effect on the function of organic extracts of lung surfactant (25) . Thus animal models in which SP-A-deficient organic extracts have been shown to restore normal or near normal function may contain residual SP-A in sufficient amounts to be biophysically active. The commercial calf lung organic extract Survanta, which is clinically effective as a biologically active lung surfactant, is supplemented with DPPC and palmitic acid such that it functions similarly to CLS at concentrations of 1 mg/ml or greater (22) . Thus, although Survanta contains no SP-A, the additional lipid components impart to the PL ϩ HA mixture biophysical properties that approximate those imparted by SP-A.
In summary, our results indicate that individual surfactant constituents have specific effects on the dynamic interfacial behavior of lung surfactant. The HAs had two important effects on dynamic behavior. 1) Their addition increased the adsorption rate of PL 100-fold. 2) They stabilized the surface film during compression to allow for ␥ min Ͻ1 dyn/cm rather than ␥ min of ϳ20 dyn/cm as noted in PL alone. Addition of SP-A restored dynamic film behavior further toward that of CLS; this resulted in an increase in the slope relating surface concentration to surface tension during film compression (m 2 ). In the presence of SP-A, the NL did not appear to further influence steady-state dynamic film behavior. These studies suggest that native surfactant requires both HA and SP-A to function normally in the human lung, whereas the NL components do not appear to be important in determining function when both HA and SP-A are present.
